INTRODUCTION
The purpose of this presentation is to address one small area of the large question of stability of superconductors. The effect of interest here is that of the copper to superconductor ratio (R) on the stability of a magnet against small disturbances. The calculations will be limited to conductors operating at 4.2 K and having low, between 0.5 and 2.5, copper to superconductor ratios. Clearly, unless very small in diameter and well bathed in helium. these conductors will not be cryostable.
Thus, a disturbance that produces even a very small normal zone is likely to initiate a quench.
There is considerable data on the quench characteristics of cables made of strands of various copper to superconductor ratios from W. Sampson, et al., of BNL (1) , as shown in Fig. 1 . This data suggests that the larger the copper to superconductor ratio, the more stable the conductor. Though this data is presented in a rather simple way and the real picture is somewhat more complex, a major issue is how to reconcile this data with the rather intuitive belief that decreasing the ratio, i.e., adding .:J more superconductor to increase fc, will make a conductor more stable against a quench. One suggestion on seeing this data might be that the results are an artifact of the measuring process and that they do not represent the performance of conductors in a real magnet This possibility is very real because the mechanical constraints and magnetic forces in the test rig described in Ref. 1 are different from those in a real magnet Several different configmations of conductor and levels of applied load have been used for the tests in the apparatus and there is some effect due to these variables. But this variation does not provide a satisfactory explanation for the data of Fig. 1 .
Sampson has suggested (and I agree) that the data supports the following conclusion (in my words), "Increasing the copper to superconductor ratio appears to contribute to the conductor being more accommodating in terms of resisting either mechanical disturbances or their effects."
The study of the quantitative effects of the copper to superconductor ratio on conductor and coil performance presented here began some time ago. Since the first draft of this report the author has become aware of similar calculations by Tigner and Quigg(2) and Ng(3). This paper begins with a qualitative discussion of the effects of the copper to superconductor ratio on magnet design and performance, followed by a quantitative analysis of two relevant factors; the minimum propagating zone (MPZ) and the minimum quench energy (MQE). Usually when we think of margin it is with respect to the temperature or the current For the accelerator dipole magnets it seems more appropriate to think first of the size of the (MPZ) and then of a closely related quantity the enthalpy margin, i.e., the minimum energy required to initiate a quench, MQE. The discussion in the next section sets the stage for the calculations that follow. Its purpose is to comment on the many effects that cannot be easily included in a quantitative analysis.
QUALITATIVE DISCUSSION OF EFFECfS OF COPPER TO SUPERC0NDUCfOR RATIO ON MAGNET PERFORMANCE
Before describing this analysis procedure, it is necessary to exclude some items. For the present we ignore those effects, such as heat treaanents and improving homogeneity that can cause the superconductor to have a better current density. Thus, conductors are primarily considered on the same basis in terms of superconductor characteristics, though the effect of variation of critical current 2 ..
• .. at 4.2 K and 5 Tin the range 2250-3250 Nmm.2 will be included in the evaluation as a separate issue. The impact of homogeneity on mechanical properties, for example, is beyond the scope of this work.
The resistivity ratio of copper is affected by magnetic field. However, the variation is relatively small in the field range between 5 and 7 T considered here. It does not significantly affect the relative values of MPZ or MQE. A more detailed evaluation may include explicitly the magnetoresistance, which is important for magnet design.
Let us use the conductor strand in the sse inner layer cable as a benchmark The sse dipole magnet reaches a normal peak field of 7 T at a strand current of 283 amperes. Because the MPZ is quite small, it is sufficient to consider individual strands in me 23 strand superconducting cable.
What are the possible effects of the copper to superconductor ratio on MPZ? At the high end, i.e., no superconductor, there can be no superconducting current at all. Thus the MPZ is zero. At the other extreme, no copper at all, the sse strand would be unstable and would certainly be flux jump limited in the range of 2 or so Tesla. Also, the minimum propagating zone would be that of a pure superconductor, some tens of microns, which for all intents and purposes is also zero. (See Ref. 5, page 7 6). Knowing that some copper must be present, we can search for the maximum MPZ.
Various paths are open to this search. One is to evaluate the mechanical integrity of a conductor with more or less copper. In fact this is very difficult to do, but it is possible to ask about the effect of R on the characteristics of the conductors at the cable edge where the strands may be considerably deformed.
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Copper can be added to the conductor in 3 rather different locations: at the center of the conductor, distributed within the filaments, or on the outer surface. Copper on the outside of the filaments has some beneficial mechanical effects. First, by placing the copper here it puts the superconductor closer to the neutral axis, and thus somewhat isolated from external mechanical forces and time varying fields. Second, copper here can accommodate the plastic strain at the edge of the cable where the conductor changes directions. Third. this copper can be deformed fairly easily in the interior of the cable where conductors cross and thus are "knuckled" while passing through the rollers of a turks head. These knuckles hold thoughout the magnet construction. As accelerator dipoles have pushed this technology to fairly fine, 4 to 8 micron, filaments, the spacing between them has become critical. If it is too small there can be a coupling of the supercurrents between filaments, the so-called proximity effect If it is too large then the hydrodynamic forces on the filaments during the wire drawing process causes an instability in the diameter of the filament and results in sausaging. This variation in filament diameter along the length reduces the overall current carrying capability of the conductor. As a result the addition of copper between filaments is not a parameter that can be varied without the possibility of significant impact on conductor performance.
Discussions of these effects is avoided by assuming that the variation of copper will be on the outside and/or center of the strand and that it will be added in such a way that it does not inherently affect the electrical/superconductive characteristics of the conductor. (Note that some of Sampson's data
indicates that the addition of copper improves stability no matter where it is added)
The normal state resistivity and thermal conductivity of copper are about 3 orders of magnitude better than for the NbTI superconductor. Thus adding copper will improve the ability of the conductor to remove heat and will reduce the heat generated The effect of the superconductor is somewhat different from that of the copper, but increasing the amount of superconductor will also improve stability. First of all, more superconductor (of the same quality) means a higher critical current and a larger temperature margin. Second, the specific heat of the superconductor is about 8 times larger than that of the copper. Thus, a conductor with more superconductor should be able to sustain a larger energy input without quenching. Fmally, the addition of superconductor should make the cable more rigid mechanically and thus aid in resisting local forces.
The clear solution to achieving greater stability under most circumstances would thus be to increase both the quantities of superconductor and of copper. Unfortunately, we are constrained to a magnet
having a fixed conductor cross section and a fixed load line so that only a variation in the ratio is possible.
MINIMUM PROPAGATING ZONE
To estimate the size of a minimum propagating zone we use a formula similar to formulas 5.2 and 5.10 from Wilson (Ref. 4) .
This formula assumes some current sharing in the copper and differs from the standard formulas by a scale factor. The values of MPZ will be different from those found from the formula 5.2 in Wilson by a factor of 2.45.
To determine the variation of the MPZ with copper to superconductor ratio it is necessary first to determine the critical current and the temperature margin as functions of R. We begin by looking at the temperature dependence of Jc. The SSC specification for Jc at 5 T and 4.2 K is 2750 Nmm2 for the superconductor in the strand. This value will be used as a reference point, but values of Jc at 5 T 
The calculation of the MPZ depends on the operating conditions of the conductor. Taking the SSC inner cable as the example, there are 23 strands that together carry 6500 A to produce a design central field of 6.6 T and a peak field of 7 T. So the relation between current and field is such that 283 A in each 0.0328" diameter strand gives 7 Tin the magnet.
The current in the supercpnductor is related to the fraction of superconductor A. and the copper to superconductor ratio R: 
The MPZ can be expressed as a function of combined properties of all the materials. 
The temperature margin for several conditions is shown in Fig. 3 . The MPZ found from the margin to be " copper to superconductor ratio R for constant B 3Jld for superconductors of different critical current density. These curves show a maximum in the length of the MPZ for copper to superconductor ratios in the region between 1 and 2 for certain operating conditions. The maximum for higher fields is at lower ratios, as expected. As R increases a point is reached where there is not ·sufficient superconductor to carry the current The value of R at which this occurs is higher for lower fields, as shown in Fig. 6 .
MINIMUM ENERGY TO PRODUCE A QUENOI
Whereas it is easy to estimate the minimum propagating zone, the minimum quench producing energy is a bit more complicated. Several factors contribute to an uncertainty in MQE. The major one is the effect of helium on the transient stability. It is possible however to estimate an adiabatic MQE, i.e., in the absence of helium.
It is evident before any estimates are made that the maxima in MQE, should there be maxima, ~ be at lower values of R than the corresponding MPZ. Plots of MQE are shown in Fig. 7 . These all suggest that if this were the relevant parameter then the lowest possible ratio would be preferred.
DISCUSSION
Data presented by Sampson, et al., suggests that conductors are more stable, or at least more forgiving, if they have more copper. Tills study shows that from a theoretical approach the size of the minimum propagating zone and the magnitude of the quench energy should be greater for lower copper to superconductor ratios. If we consider that most of the measurements have been at lower fields than those in the sse magnets then the trend in the theoretical results, i.e., greater stability at lower fields for lower values of R are supponed somewhat, but the difference is not resolved. Since the experimental data appears to be valid and are clearly telling us something, it would seem that the area to. search for an impact of R on performance is in the mechanical stability characteristics of the cable. That is, in its effect on the size of the disrurbance that can be created. The minimum propagating zone for various specified critical current densities when the operating field is 7T. Fig. 5 The minimum propagating zone for various critical current densities and various operating fields. Fig. 6 The maximum value of copper to superconductor ratio that will allow operation at the specificed conditions. Fig. 7 The minimum quench energy for various critical current densities when the operating field is 7T. 
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